The tumour suppressor PTEN is frequently lost in human cancers. In addition to gene mutations and deletions, recent studies have revealed the importance of post-translational modifications, such as ubiquitylation, in the regulation of PTEN stability, activity and localization. However, the deubiquitylase that regulates PTEN polyubiquitylation and protein stability remains unknown. Here we screened a total of 30 deubiquitylating enzymes (DUBs) and identified five DUBs that physically associate with PTEN. One of them, USP13, stabilizes the PTEN protein through direct binding and deubiquitylation of PTEN. Loss of USP13 in breast cancer cells promotes AKT phosphorylation, cell proliferation, anchorage-independent growth, glycolysis and tumour growth through downregulation of PTEN. Conversely, overexpression of USP13 suppresses tumorigenesis and glycolysis in PTEN-positive but not PTEN-null breast cancer cells. Importantly, USP13 protein is downregulated in human breast tumours and correlates with PTEN protein levels. These findings identify USP13 as a tumour-suppressing protein that functions through deubiquitylation and stabilization of PTEN.
PTEN for proteasomal degradation. On the other hand, reversal of the mono-ubiquitylation of PTEN by USP7 (also known as HAUSP) regulates PTEN subcellular localization without affecting its protein level 18 . However, the deubiquitylase that regulates PTEN polyubiquitylation and protein stability has not been reported.
In this study, we identified USP13 as the first deubiquitylase that reverses PTEN polyubiquitylation and stabilizes PTEN protein, and found that USP13 suppresses tumorigenesis and glycolysis through PTEN. In human breast cancer, loss of USP13 is highly associated with loss of PTEN.
RESULTS

USP13 regulates PTEN protein level and AKT signalling
DUBs are a group of proteases that regulate ubiquitin-dependent pathways by cleaving ubiquitin-protein bonds 19 . To identify PTENinteracting deubiquitylases, we screened a panel of DUBs, in which a total of 30 deubiquitylase open reading frames (ORFs) were fused with a triple-epitope tag, SFB (S-protein, FLAG tag and streptavidin-binding peptide), and then co-transfected with MYC-tagged PTEN into HEK293T cells. Immunoblotting assays showed that MYC-PTEN could be detected on S-protein beads conjugated with five DUBs, USP7, USP8, USP10, USP13 or USP39 (Fig. 1a) . Moreover, MYC-PTEN transfected into HeLa cells could also be pulled down by each of these five SFBtagged DUBs (Fig. 1b) , further corroborating a physical association. USP2  USP4  USP5  USP7  USP8  USP9X  USP10  USP11  USP12  USP13  USP14  USP15  USP16  USP18  USP22  USP25  USP26  USP29  USP30  USP33  USP35  USP36  USP37  USP38  USP39  USP42  USP45  USP51  USP53 To examine the effects of these five PTEN-associated DUBs on PTEN expression and the growth of tumour cells, we stably expressed them individually in the MCF7 human breast cancer cell line. Although each of these five DUBs could interact with endogenous PTEN (Supplementary Fig. 1a ), only one of them, USP13, significantly increased endogenous PTEN protein expression ( Supplementary  Fig. 1a) . Compared with the control MCF7 cells, cells overexpressing USP7, USP10 or USP13 exhibited a pronounced reduction in both proliferation ( Supplementary Fig. 1b ) and anchorage-independent growth ( Supplementary Fig. 1c,d ). Therefore, USP13 stood out as the top candidate for a possible PTEN deubiquitylase and a putative tumour suppressor.
As an alternative approach to identify PTEN-associated DUBs, we isolated PTEN-containing protein complexes using SFB-tagged PTEN. Tandem affinity purification using streptavidin-Sepharose beads and S-protein agarose beads followed by mass spectrometric analysis identified six DUBs, USP10, USP13, USP7, USP8, USP39 and USP4, as PTEN interactors (Supplementary Table 1 ). Conversely, purification of SFB-tagged USP13 complexes identified PTEN as a USP13-interacting protein (Supplementary Table 2) .
Next, we expressed USP13 in other human breast cancer cells. This overexpression upregulated PTEN protein and downregulated AKT, FOXO1 and FOXO3 phosphorylation in the MDA-MB-231 cell line (Fig. 1c) , which expresses moderate but detectable levels of endogenous PTEN ( Supplementary Fig. 2a) , and knockdown of PTEN in USP13-overexpressing MDA-MB-231 cells rescued the phosphorylation of both AKT, FOXO1 and FOXO3 ( Supplementary  Fig. 2b ). In contrast, expression of USP13 did not reduce phospho-AKT and phospho-FOXO levels in BT549 cells (Fig. 1c) , which showed no PTEN protein expression ( Supplementary Fig. 2a ) owing to a frameshift mutation 20, 21 . Overexpression of a catalytically inactive mutant of USP13, C345A (ref. 22) , had no effect on PTEN protein levels and the phosphorylation of AKT, FOXO1 and FOXO3 in these two cell lines (Fig. 1c) .
To further validate regulation of the PTEN protein by USP13, we performed loss-of-function analysis in multiple cell lines that express abundant USP13 and PTEN protein levels. Two independent USP13 short hairpin RNAs (shRNAs) both decreased PTEN protein expression by 80% and increased phospho-AKT and phospho-FOXO1 and -FOXO3 levels by three-to fivefold in SUM159 breast cancer cells, and restoration of PTEN or expression of an RNAi-resistant 'silence mutant' (that is, no amino acid change) of USP13 (USP13-RE) in USP13-depleted SUM159 cells completely reversed the effect of USP13 shRNA on upregulating the phosphorylation of AKT and FOXO ( Fig. 1d and Supplementary Fig. 2c,d) . Similarly, depletion of USP13 downregulated PTEN protein and upregulated AKT, FOXO1 and FOXO3 phosphorylation in MCF10A (Fig. 1e) and MCF7 (Fig. 1f ) mammary epithelial cells and in HCT116 colon cancer cells (Fig. 1g) , but not in the isogenic PTEN-null HCT116 cells (Fig. 1g) . In addition, USP13 shRNA potentiated insulin-induced AKT phosphorylation in SUM159 cells, which could be reversed by re-expression of PTEN ( Supplementary Fig. 2e ). We conclude from these data that USP13 inhibits AKT signalling through positive regulation of PTEN protein. It should be noted that neither knockdown nor overexpression of USP13 affected PTEN mRNA levels ( Supplementary Fig. 3a,b) . Thus, USP13 does not regulate PTEN expression at the transcriptional level.
In contrast to the knockdown effect of USP13, silencing of the other four PTEN-interacting DUBs, USP7, USP8, USP10 or USP39, did not affect PTEN protein levels ( Supplementary Fig. 4a-d) . USP7 (HAUSP), the only known PTEN deubiquitylase reported so far, C345A mutant purified from bacteria with glutathione-Sepharose beads. After reaction, SFB-PTEN was immunoprecipitated with FLAG beads and immunoblotted with antibodies against HA and FLAG. Bottom (input for the in vitro assay): SFB-PTEN was purified with streptavidin-Sepharose beads and immunoblotted with the antibody against FLAG. Recombinant GST-USP13 was purified from bacteria and analysed by SDS-PAGE and Coomassie blue staining. (i) Top: unubiquitylated or ubiquitylated SFB-PTEN was incubated with SFB-tagged USP13 or the USP13 C345A mutant purified from HEK293T cells with streptavidin-Sepharose beads. After reaction, PTEN was immunoprecipitated with the antibody against PTEN and immunoblotted with the antibody against PTEN. Bottom (input for the in vitro assay): SFB-USP13 and SFB-PTEN were purified with streptavidin-Sepharose beads and immunoblotted with antibodies against USP13 and FLAG, respectively. Uncropped images of blots are shown in Supplementary Fig. 6 . regulates PTEN mono-ubiquitylation and subcellular localization but not its protein stability 18 . In the present study, immunofluorescent staining ( Fig. 2a,b ) and fractionation assays (Fig. 2c,d ) demonstrated that manipulating USP13 levels altered PTEN protein expression but not its localization; moreover, either overexpression or knockdown of USP13 had no effect on the levels of cyclin A2 and PLK1 (Fig. 1c,d ), the key substrates of the APC-CDH1 complex, which has been shown to be regulated by nuclear PTEN in a phosphatase-independent manner 23 . In contrast, USP7 reduced nuclear localization of PTEN in PC3 cells without affecting total PTEN protein levels ( Fig. 2c,d ), consistent with previously reported findings 18 .
USP13 deubiquitylates and stabilizes PTEN
We sought to determine whether USP13 directly interacts with PTEN and functions as a bona fide PTEN deubiquitylase. Consistent with the interaction observed in the initial screen, co-immunoprecipitation assays confirmed that ectopically expressed MYC-tagged PTEN could be detected in FLAG-tagged wild-type or the C345A mutant of USP13 immunoprecipitates (Fig. 3a) , and that endogenous PTEN was present in endogenous USP13 immunoprecipitates (Fig. 3b) . Moreover, purified GST-USP13, but not the GST-GFP control, was able to bind to FLAG-tagged PTEN under cell-free conditions ( Fig. 3c ), which demonstrated a direct interaction between USP13 and PTEN. PTEN consists of an amino-terminal phosphatase domain, a C2 domain and a carboxy-terminal PDZ motif 24 . To map the USP13-binding region on PTEN, we co-expressed MYC-tagged USP13 along with a series of deletion mutants of PTEN 15 ( Fig. 3d) . Co-immunoprecipitation assays demonstrated that the phosphatase domain of PTEN is essential for its physical interaction with USP13 (Fig. 3e) .
We reasoned that USP13 regulates PTEN through deubiquitylation. Indeed, silencing USP13 expression by two independent shRNAs increased PTEN polyubiquitylation by approximately threefold (Fig. 3f) . On the other hand, ectopic expression of wild-type USP13, but not the C345A mutant, which is still capable of interacting with PTEN (Fig. 3a) , reduced the polyubiquitylation of PTEN by 65% (Fig. 3g) , suggesting that the enzymatic activity of USP13 is indispensable for USP13-dependent deubiquitylation of PTEN. To determine whether PTEN is a direct substrate of USP13, we purified USP13 and ubiquitylated PTEN and then incubated them in a cell-free system. Wild-type USP13 purified from either bacteria or HEK293T cells, but not its catalytically inactive mutant C345A, decreased PTEN polyubiquitylation by 64-70% in vitro (Fig. 3h,i) . Therefore, USP13 can directly deubiquitylate PTEN.
To determine whether USP13 regulates the stability of the PTEN protein, we examined ectopically expressed or endogenous PTEN protein levels in the presence of cycloheximide (CHX), an inhibitor of protein translation. Notably, overexpression of USP13, but not the enzyme-dead mutant, led to a prominent increase in the stability of endogenous or overexpressed PTEN protein, whereas the stability of HSP90 or co-transfected GFP control was not affected (Fig. 4a,b) . Conversely, knockdown of USP13 resulted in destabilization of the PTEN protein (Fig. 4c,d ). Collectively, these results suggest that USP13 is a PTEN deubiquitylase that stabilizes PTEN.
Loss of USP13 promotes tumorigenesis through downregulation of PTEN
We investigated whether USP13 functions as a tumour-suppressing protein by regulating PTEN. Two independent USP13 shRNAs ( Fig. 1d) both markedly increased the proliferation (Fig. 5a ) and anchorageindependent growth (Fig. 5b,c ) of SUM159 breast cancer cells, and restoration of PTEN (Fig. 1d) or expression of an RNAi-resistant USP13 mutant ( Supplementary Fig. 2c,d ) completely reversed the
× 10 -3 P = 7 × 10 -3 P = 0.01 Table 3 . Uncropped images of blots are shown in Supplementary Fig. 6 . effect of USP13 shRNA (Fig. 5a-d) . Moreover, knockdown of USP13 promoted the proliferation of HCT116 colon cancer cells but not the isogenic PTEN-null HCT116 cells (Fig. 5e) .
The effect of USP13 shRNA on cell proliferation is AKT-dependent, as treatment with the AKT inhibitor MK-2206 abolished this effect (Fig. 5f) . Furthermore, because USP13 regulates AKT phosphorylation through PTEN (Fig. 1c-g ), and because AKT plays a critical role in regulating the Warburg effect whereby cancer cells exhibit a high rate of glucose uptake and glycolysis [25] [26] [27] , we speculated that USP13 might regulate the Warburg effect through PTEN. Indeed, knockdown of USP13 increased glucose uptake and glycolysis, which could be fully reversed by restoration of PTEN, as gauged by lactate production and glucose incorporation assays (Fig. 5g,h) .
To investigate the biological function of USP13 in breast cancer cells in vivo, we subcutaneously implanted USP13-depleted SUM159 cells into nude mice and monitored tumour growth for more than nine weeks. Mice bearing USP13 shRNA-expressing SUM159 cells showed increased tumour growth throughout the experiment compared with mice implanted with control shRNA-infected cells (Fig. 5i) . At 65 days after tumour cell implantation, we observed a 2.5-fold increase in tumour volume (Fig. 5i) and a 3.5-fold increase in the weight of the tumours formed by USP13-depleted SUM159 cells (Fig. 5j,k) . Notably, restoring PTEN expression fully reversed the tumour-promoting effect of USP13 shRNA (Fig. 5i-k) . Western blot analysis of tumour lysates confirmed that the effect of USP13 shRNA on PTEN and phospho-AKT was retained in these tumours (Fig. 5l) . Therefore, loss of USP13 promotes tumorigenesis through downregulation of PTEN.
The anti-tumour function of USP13 depends on PTEN status
To further determine the dependence of the USP13 function on PTEN status, we compared the PTEN-positive cell line MDA-MB-231 and the PTEN-null cell line BT549 (Fig. 1c) . Expression of USP13 (but not the C345A mutant) in MDA-MB-231 cells, which led to upregulation of PTEN and downregulation of phospho-AKT, phospho-FOXO1 and phospho-FOXO3 (Fig. 1c) , significantly inhibited cell proliferation (Fig. 6a) , colony formation on soft agar (Fig. 6b,c) , lactate production ( Fig. 6d) , glucose uptake (Fig. 6e ) and tumour growth (Fig. 6f-h) , and knockdown of PTEN ( Supplementary Fig. 2b ) rescued the proliferation of USP13-overexpressing MDA-MB-231 cells (Fig. 6i) . In stark contrast, none of these effects was observed in USP13-overexpressing BT549 cells (Fig. 6a-e,j-l) , which showed no substantial difference in AKT phosphorylation compared with mock-infected cells (Fig. 1c) . Western blot analysis of tumour lysates confirmed that the effect of USP13 on PTEN and phospho-AKT was retained in tumours formed by USP13-overexpressing MDA-MB-231 or BT549 cells (Fig. 6m) . Taken together, USP13 has a PTEN-dependent tumour-suppressing function.
USP13 is downregulated in human breast tumours and correlates with PTEN protein levels
PTEN plays a pivotal role in human breast cancer suppression and is dose-dependent. Female patients with Cowden syndrome have partial loss of PTEN due to heterozygous germline PTEN mutations and are estimated to have a 25-50% risk of developing breast cancer 28 . Genetic analysis of mouse models has revealed Pten haploinsufficiency and dose dependence in breast tumour suppression 29 . Moreover, whereas approximately 5% of sporadic breast tumours harbour PTEN mutations 9 , loss of PTEN immunoreactivity is found in nearly 40% (ref. 30) , which indicates that post-transcriptional and post-translational regulation of PTEN may contribute substantially to the development of human breast cancer. To determine the relevance of regulation of PTEN by USP13 in patients, we performed immunohistochemical staining of PTEN and USP13 (Fig. 7a) on the breast cancer progression tissue microarrays from the National Cancer Institute 31 , with antibodies validated for immunohistochemistry ( Supplementary Fig. 5 ). Notably, downregulation of PTEN and USP13 was observed in 73.8% (152 of 206) and 41.3% (83 of 201) of breast tumours, whereas only 31.8% (14 of 44) and 13.2% (5 of 38) of normal mammary tissues exhibited low expression of PTEN and USP13 (Fig. 7b,c) , respectively, suggesting that both PTEN and USP13 are downregulated in human breast tumours. Moreover, a significant positive correlation (R = 0.25,P = 4 × 10 −4 ) between PTEN and USP13 protein levels was observed in these breast carcinomas, in which 88% (73 of 83) of the tumours with low USP13 expression also exhibited low PTEN expression (Fig. 7d) . However, it should be noted that 38.8% (78 of 201) of total tumour specimens had low PTEN expression but high USP13 expression (Fig. 7d) . Collectively, these data suggest that loss of USP13 may contribute to loss of PTEN in a substantial fraction of human tumours, whereas in other tumours PTEN can be inactivated by different mechanisms, including genetic alterations and upregulation of PTEN ubiquitin ligases (such as NEDD4-1 (ref. 14) and WWP2 (ref. 15) ).
DISCUSSION
The present study identified USP13 as a PTEN deubiquitylase and a tumour-suppressing protein. Besides USP13, another two PTENinteracting DUBs, USP7 (HAUSP) and USP10, also exhibited a growth-inhibitory effect ( Supplementary Fig. 1b-d Fig. 1a and Supplementary Fig. 4a,b) . In contrast, here we report USP13 as the first PTEN deubiquitylase that reverses the polyubiquitylation of PTEN, leading to PTEN stabilization and tumour suppression. Whereas most of the USP7 (HAUSP) protein is present in the nucleus 18 , which is consistent with its role in reversing the mono-ubiquitylation of nuclear PTEN and promoting PTEN export from the nucleus, USP13 is predominantly cytoplasmic or membrane-bound (Figs 2a,b and 7a and Supplementary Fig. 5 ), which is consistent with its role in reversing the polyubiquitylation of cytoplasmic or membrane-bound PTEN protein.
In contrast to the fast turnover of another major tumour suppressor protein, p53 (half-life: 5-20 min; ref. 33 ), PTEN has a relatively long half-life (3-6 h; Fig. 4a-d) . We propose that unlike p53, PTEN is by default a relatively stable protein but its degradation is accelerated on upregulation of PTEN ubiquitin ligases or downregulation of PTEN deubiquitylases. As USP13 is downregulated in human breast tumours and correlates with PTEN expression, and because a large fraction of human cancers exhibit loss of only one PTEN allele 34 , we propose that loss of USP13 may drive breast tumorigenesis in mammary tissues with heterozygous inactivation of PTEN. Future studies are needed to determine the physiological functions of USP13 and how USP13 expression is lost in human cancer.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary Information is available in the online version of the paper
METHODS
Cell culture. The HEK293T, HeLa, PC3, MCF10A, MCF7, MDA-MB-231 MDA-MB-436, MDA-MB-468, T47D and BT549 cell lines were from the American Type Culture Collection and were cultured under conditions specified by the manufacturer. The SUM159 cell line was from S. Ethier (Medical University of South Carolina, USA) and cultured as described at http://www.asterand.com/Asterand/ human_tissues/159PT.htm. The HCT116 PTEN+/+ and HCT116 PTEN−/− cell lines were described previously 35 . For insulin stimulation, cells were starved in serum-free medium overnight, followed by treatment with 10 ng ml −1 insulin (Roche) for 15 min. The AKT inhibitor MK-2206 was purchased from Selleckchem and was used at 1 µM.
Plasmids and shRNA. Thirty DUB ORFs were purchased from the Dana-Farber/ Harvard Cancer Center DNA Resource Core and individually subcloned into the pBabe-SFB vector using the Gateway system (Invitrogen). Five PTEN-interacting DUB ORFs were subcloned into a FLAG-tagged retroviral vector. GST-tagged USP13 was generated by subcloning into the pDEST vector (Invitrogen). Full-length PTEN ORF and various deletion mutant constructs were described previously 15 . The following shRNA clones were from Open Biosystems through MD Anderson's shRNA and ORFeome Core, and the clone numbers are as follows: USP13 shRNA, V3LHS_356746 (5 -CCATGTGAACAATGATCCA-3 ) for #1 and V2LHS_47077 (5 -TTTCCAGTGAAGTACACAG-3 ) for #2; USP7 shRNA, V3LHS_344363 (5 -AGTATCTTGAATAAATCCT-3 ); USP8 shRNA, V2LHS_49252 (5 -TGTCCTTTAATCTTAAATG-3 ) for #1 and V2LHS_49253 (5 -TATCTCTTCCGATTATCAG-3 ) for #2; USP10 shRNA, V3LHS_361009 (5 -TACATTCTCCAGCAACTCT-3 ) for #1 and V3LHS_408713 (5 -AGACTAACATTTTAACTCC-3 ) for #2; USP39 shRNA, V3LHS_636371 (5 -ATTCTTGTGTACTGCTTGT-3 ). The PTEN shRNA (5 -CCACAGCTAGAACTTATCAAA-3 and 5 -CCACAAATGAAGGGATATAAA-3 ) was described previously 36 . The USP13 C345A mutant and the RNAi-resistant USP13 mutant (USP13-RE) were generated using a QuikChange Site-Directed Mutagenesis Kit (Stratagene). The primers used for generating the USP13 C345A mutant are 5 -GAACCTGGGCAACAGCGCCTATCTCAGCTCTGTC-3 and 5 -GACAGAGCTGAGATAGGCGCTGTTGCCCAGGTTC-3 ; the primers used for generating the USP13-RE mutant are 5 -CCGAGGTGGCCTTCAACTGGATAATC-GTACATATGGAAGAGCCAGATTTTGC-3 and 5 -GCAAAATCTGGCTCTTCC-ATATGTACGATTATCCAGTTGAAGGCCACCTCGG-3 .
Immunoblotting. Western blot analyses were performed with precast gradient gels (Bio-Rad) using standard methods. Briefly, cells were lysed in NETN buffer (100 mM NaCl, 1 mM EDTA, 20 mM Tris-Cl (pH 8.0) and 0.5% NP-40) containing protease inhibitors (Roche) and phosphatase inhibitors (Sigma). Proteins were separated by SDS-PAGE and blotted onto a nitrocellulose membrane (Bio-Rad). Membranes were probed with the specific primary antibodies and then with peroxidaseconjugated secondary antibodies. The bands were visualized by chemiluminescence (Denville Scientific). The following antibodies were used: antibodies against PTEN (1:1,000, Santa Cruz, SC-7974, clone A2B1), USP13 (1:1,000, Bethyl, A302-762A), USP8 (1:1,000, Bethyl, A302-929A), USP7 (1:1,000, Bethyl, A300-033A), USP10 (1:1,000, Bethyl, A300-900A), USP39 (1:1,000, Santa Cruz, SC-82392), MYC (1:5,000, Santa Cruz, SC-40, clone 9E10), HSP90 (1:5,000, BD Transduction Laboratories, 610419, clone 68/Hsp90), β-actin (1:5,000, Sigma, A5441, clone AC-15), HA (1:2,500, Santa Cruz, SC-7392, Clone F-7), FLAG (1:5,000, Sigma, F3165, clone M2), p-AKT (Ser473, 1:1,000, Santa Cruz, SC-7985-R), p-AKT (Thr308, 1:1,000, Cell Signaling, 9275), AKT (1:1,000, Santa Cruz, SC-5298, clone B-1), p-FOXO1(Thr24)/FOXO3(Thr32) (1:1,000, Cell Signaling, 9464), FOXO1 (1:1,000, Cell Signaling, 2880, clone C29H4), cyclin A2 (1:1,000, Cell Signaling, 4656, clone BF683), PLK1 (1:1,000, Cell Signaling, 4513, clone 208G4) and GAPDH (1:5,000, Pierce, MA5-15738, clone GA1R). The ImageJ program (http://rsbweb.nih.gov/ ij/download.html) was used for densitometric analyses of western blots, and the quantification results were normalized to the loading control.
In vitro binding assay. Bacterially expressed GST-GFP or GST-USP13 was retained on glutathione-Sepharose beads (Amersham) and incubated with extracts of FLAG-PTEN-transfected 293T cells for 1 h at 4 • C. The complexes were washed three times with NETN buffer, eluted by boiling in SDS sample buffer and separated by SDS-PAGE. Immunoblotting was done with the antibody to FLAG.
Immunoprecipitation and pulldown assays. Cells were collected and lysed in NETN buffer containing protease inhibitors (Roche). For pulldown of SFB-tagged proteins, cell extracts were incubated with S-protein beads for 2 h at 4 • C. For immunoprecipitation of protein complexes, cell extracts were pre-cleared with protein-A/G beads (Santa Cruz, SC-2003) and incubated with the indicated antibody for 2 h at 4 • C. The beads were washed three times with NETN buffer, and the bound proteins were eluted by boiling in 1× Laemmli buffer and subjected to immunoblotting with the indicated antibodies.
Tandem affinity purification. HeLa cells were transfected with SFB-tagged PTEN or USP13. The expression of exogenous protein was confirmed by immunoblotting. For affinity purification, a total of twenty 10-cm dishes of HeLa cells expressing SFB-tagged PTEN or USP13 were lysed in NETN buffer containing protease inhibitors for 20 min at 4 • C. Crude lysates were cleared by centrifugation, and the supernatants were incubated with 300 µl streptavidin-Sepharose beads (Amersham) for 2 h at 4 • C. The beads were washed three times with NETN buffer, and the bound proteins were eluted with NETN buffer containing 2 mg ml −1 biotin (Sigma) at 4 • C. The eluates were incubated with 100 µl S-protein agarose beads (Novagen) for 2 h at 4 • C and the beads were washed three times with NETN buffer. The proteins bound to the beads were eluted by boiling with SDS sample buffer, resolved by SDS-PAGE, visualized by Coomassie blue staining and subjected to mass spectrometric analysis (Taplin Biological Mass Spectrometry Facility at Harvard; see details below).
Mass spectrometry. After Coomassie blue staining, excised gel pieces were subjected to in-gel trypsin digestion 37 and dried. Samples were reconstituted in 5 µl of HPLC solvent A (2.5% acetonitrile and 0.1% formic acid). A nanoscale reversephase HPLC capillary column was created by packing 5 µm C18 spherical silica beads into a fused silica capillary (100 µm inner diameter; ∼20 cm length) with a flamedrawn tip. After the column was equilibrated, each sample was loaded onto the column by a Famos autosampler (LC Packings). A gradient was formed and peptides were eluted with increasing concentrations of solvent B (97.5% acetonitrile and 0.1% formic acid). Eluted peptides were subjected to electrospray ionization and then entered an LTQ Velos ion-trap mass spectrometer (ThermoFisher). Peptides were detected, isolated and fragmented to produce a tandem mass spectrum of specific fragment ions for each peptide. Peptide sequences (and hence protein identity) were determined by matching protein databases with the acquired fragmentation pattern by using the software program SEQUEST (version 28, ThermoFisher). Mass tolerance was set to 2.0 for precursor ions and 1.0 for fragment ions. The database searched was the Human IPI database (version 3.6). The number of entries in the database was 160,900, which included both the target (forward) and the decoy (reverse) human sequences. Spectral matches were filtered to contain a less than 1% false discovery rate at the peptide level based on the target-decoy method 38 . When peptides matched to multiple proteins, the peptide was assigned so that only the most logical protein was included. The same principle was used for isoforms when present in the database. The longest isoform was reported as the match.
Immunofluorescence. Cells were cultured in chamber slides overnight and fixed with 3.7% formaldehyde in PBS for 10 min at 4 • C, followed by permeabilization with 0.5% Triton X-100 in PBS for 10 minutes. Cells were then blocked for nonspecific binding with 10% goat serum in PBS and 0.1% Tween-20 (PBST) overnight, and incubated with the antibody against PTEN (1:300, Santa Cruz, SC-7974, Clone A2B1) or USP13 (1:300, Bethyl, A302-762A) for 1 h at room temperature, followed by incubation with Alexa Fluor 488 goat anti-mouse IgG (1:1,000, Invitrogen, A11001) or Alexa Fluor 594 goat anti-rabbit IgG (1:1,000, Invitrogen, A11012) for 30 min at room temperature. Coverslips were mounted on slides using anti-fade mounting medium with DAPI. Immunofluorescence images were acquired on a Zeiss Axio Observer Z1 fluorescence microscope. For each channel, all images were acquired with the same settings.
Virus production and infection. Virus-containing supernatant was collected 48 h and 72 h after co-transfection of pCMV-VSV-G, pCMV 8.2 (for lentivirus production; pUMVC was used for retrovirus production) and the shRNA-or ORF-containing vector into HEK293T cells, and then added to the target cells. Twenty-four hours later, the infected cells were selected with 10 µg ml −1 blasticidin (Gibco, A11139-03, for pLOC vector) or 2 µg ml −1 puromycin (Gibco, A11138-03, for pGIPZ vector and the FLAG-tagged retroviral vector).
Cell proliferation assay. Equal numbers of cells were plated in 12-well plates in triplicate. From the next day, cells were fixed with 10% methanol and stained with 0.1% crystal violet (dissolved in 10% methanol) every day. After staining, wells were washed three times with PBS and destained with acetic acid. The absorbance of the crystal violet solution was measured at 590 nm.
RNA isolation and quantitative PCR. Total RNA was isolated with TRIzol reagent (Life Technologies) and then reverse transcribed with an iScript cDNA Synthesis Kit (Bio-Rad). Quantitative PCR was performed on a CFX96 instrument (Bio-Rad) by using TaqMan probes (Life Technologies): PTEN, Hs02621230_s1; USP13, Hs00187594_m1; GAPDH, Hs02758991_g1. Data were normalized to GAPDH.
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Anchorage-independent growth assay. Cells were resuspended in 1 ml of 0.35% low-melting agarose (Invitrogen) in DMEM supplemented with 10% FBS and plated in triplicate in six-well plates on 1 ml of pre-solidified 0.65% agarose in the same medium, with 1 ml of medium covering the cells. After incubation at 37 • C in 5% CO 2 for 3-4 weeks, plates were stained with crystal violet and scanned on a GelCount system (Oxford Optronix). Colonies were counted by using the ImageJ program (http://rsbweb.nih.gov/ij/download.html).
Deubiquitylation of PTEN in vivo and in vitro. For the in vivo deubiquitylation assay, HEK293T cells were transfected with MYC-PTEN, HA-ubiquitin and USP13 ORF or shRNA, and then treated with 10 µM MG132 (Fisher Scientific) for 6 h. MYC-PTEN was immunoprecipitated with MYC beads and subjected to immunoblotting with antibodies against HA and MYC. For preparation of PTEN as the substrate for the in vitro deubiquitylation assay, HEK293T cells were transfected with SFB-PTEN with or without HA-ubiquitin co-transfection and were treated with 10 µM MG132 for 6 h. Unubiquitylated or ubiquitylated SFB-PTEN was purified from the cell extracts with streptavidin-Sepharose beads. After extensive washing with NETN buffer, the bound proteins were eluted with NETN buffer containing 2 mg ml −1 biotin. GST-tagged USP13 or the USP13 C345A mutant was expressed in the Escherichia coli strain BL21. After induction with 0.4 mM IPTG, cells were lysed, and GST-USP13 was purified with glutathione-Sepharose-4B beads (Amersham Biosciences) and eluted with PBS containing 10 mM L-glutathione (Sigma). Alternatively, SFB-tagged USP13 or the USP13 C345A mutant was transfected into HEK293T cells, purified with streptavidin-Sepharose beads and eluted with biotin. An in vitro deubiquitylation reaction was performed as described previously 32 with minor modifications: briefly, eluted SFB-PTEN was incubated with purified USP13 in deubiquitylation buffer (50 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM EDTA, 10 mM dithiothreitol and 5% glycerol) for 2 h at 37 • C. After reaction, PTEN was immunoprecipitated with the antibody against PTEN or FLAG. The beads were washed with deubiquitylation buffer, and the bound proteins were eluted by boiling in 1× Laemmli buffer and subjected to immunoblotting with the antibodies against HA, FLAG and PTEN.
Fractionation. Fractionation of nuclear and cytoplasmic proteins was done by using the NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo) according to the manufacturer's protocol. After fractionation, 30 µg of protein was used for western blot analysis of PTEN in the cytoplasm and nucleus. HSP90 and lamin B were used as markers of cytoplasm and the nucleus, respectively.
Lactate production assay. Cells were plated in 24-well plates and cultured overnight. The culture medium was removed from the cells and the lactate concentration was determined using lactate test strips on a Lactate Plus meter (Nova Biomedical). Next, cells were collected, stained with trypan blue, and viable cell numbers were counted on a TC10 Automated Cell Counter (Bio-Rad). Lactate production was expressed as lactate concentration per 10 4 viable cells.
Glucose uptake assay. Cells (2 × 10 5 ) were seeded in 12-well plates. The next day, cells were washed twice with PBS and then incubated in 1 ml PBS containing 0.1 mM 2-deoxyglucose (Sigma) and 1 µCi ml −1 2-deoxy-D- [ 3 H]glucose (Amersham). After incubation for 30 minutes, cells were washed three times with PBS and lysed. [ 3 H]glucose uptake was detected in 10 ml of scintillant on a Liquid Scintillation Analyser TRI-CARB 3100TR (Packard). Nonspecific deoxyglucose uptake was measured in the presence of 20 µM cytochalasin B (Sigma) and was subtracted from the total uptake to obtain specific glucose uptake.
In vivo tumorigenesis study. All animal experiments were performed in accordance with a protocol approved by the Institutional Animal Care and Use
Committee of MD Anderson Cancer Center. When used in a power calculation, our sample size predetermination experiments indicated that 5 mice per group can identify the expected effect of USP13 or PTEN on tumour size and weight (P < 0.05) with 100% power. Animals were randomly assigned to different groups. Tumour cells (5 × 10 6 ) in 30 µl growth medium (mixed with Matrigel at a 1:1 ratio) were injected subcutaneously into the flank of six-to eight-week-old female nude mice using a 100-µl Hamilton microlitre syringe. Tumour size was measured every five days using a caliper, and tumour volume was calculated using the standard formula: 0.5 × L × W 2 , where L is the longest diameter and W is the shortest diameter. Mice were euthanized when they met the institutional euthanasia criteria for tumour size and overall health condition. The tumours were removed, photographed and weighed. A laboratory technician (M Wang) who provided animal care and measured tumour growth was blinded to the group allocation during all animal experiments and outcome assessment.
Patient study. The breast cancer progression tissue microarrays were purchased from the National Cancer Institute Cancer Diagnosis Program. These tissue microarrays consist of three different case sets, including 201-206 analysable cases of breast carcinoma and 38-44 analysable cases of normal breast tissue. Samples were deparaffinized and rehydrated. Antigen retrieval was done by using 0.01 M sodiumcitrate buffer (pH 6.0) in a microwave oven. To block endogenous peroxidase activity, the sections were treated with 1% hydrogen peroxide in methanol for 30 min. After 1 h pre-incubation in 10% normal serum to prevent nonspecific staining, the samples were incubated with the antibodies against PTEN (1:50, Dako, M3627, Clone 6H2.1) and USP13 (1:1,500, Bethyl, A302-762A) at 4 • C overnight. The sections were then incubated with a biotinylated secondary antibody, followed by incubation with avidin-biotin peroxidase complex solution (1:100) for 1 h at room temperature. Colour was developed with the 3-amino-9-ethylcarbazole (AEC) solution. Counterstaining was carried out using Mayer's haematoxylin. All immunostained slides were scanned on the Automated Cellular Image System III (ACIS III) for quantification by digital image analysis. A total score of protein expression was calculated from both the percentage of immunopositive cells and immunostaining intensity. High and low protein expression was defined using the mean score of all samples as a cutoff point. The χ 2 test was used for statistical analysis of the correlation between PTEN and USP13, and the correlation of PTEN or USP13 with tissue type (normal versus cancer).
Statistical analysis. Each experiment was repeated three times or more. Unless otherwise noted, data are presented as mean±s.e.m., and Student's t -test (unpaired, two-tailed) was used to compare two groups for independent samples. The data analysed by t -test meet normal distribution; we used an F -test to compare variances, and the variances are not significantly different. Therefore, when using an unpaired t -test, we assumed equal variance, and no samples were excluded from the analysis. P < 0.05 was considered statistically significant.
